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fnformation which 1s available in published literature on the role of
phytochron7.

Basicfresearch in the field of photororphogenesis has been conducted

during the course of the last 20 years by a group of American scieatists
. headed by Borthwick and Fendricks (Beltsville, raryland, USA). The

successes walch nave been achicved by these researchars are explained
mainly by the fact that the group combines representatives of various
related specialties «« chemists, physicists, plant physiologists, and
botanists, This intezrated conduct of research has made it possible for
the first time to glve a quantitative evaluvation of the effect of light
of various wave lengths on the morphoszenesis of plants., Now many plant
physiolozists have beocome Imtercsted in studying the photomorphogenecsis
of plants and a large number of works has accumulated on this subject;

a whole vook would not be sufficient for a full deseription of all these
works.

The basic urpose of this present survey is to attempt to analyze
the contradictory expericrental data which are available with respect
to the mechanism of the physiological action of light through phytochrome.
However, inasrtuch as up to the present time there are no summaries which
have been published in Russian on this theme, we have felt it to be
necessary to give a brief description of the history of the question and
to desceribe the current trends in the investization of phytochrome¥,

* In foreign literature there are good surveys with respect to phytochrome

in works by Mohr (1960, 1962, 1964), Borthwick and Hendricks {1961),
and also Rolin (1964a).

The History of the Study of Phvtochrome

The contribution of the Beltsville scientists has not been that
they discovered the effect of the spectral composition of light on the
morphogenesis of plants, Phenowena of this kind were already known
previously with respect to photoperiodism, the germination of sceds, and
the growth of seedlings (Katuaskiy, 1937; Flint, McAlister, 19375 Went,
1941; Kleshnin, 1946). The Beltsville researchers succeeded with the
help of a specially designed highly sensitive spectrograph in making a
quantitative study of the action spectrum of visible light with respect
to various aspects of morphogenesis, They determined the light energy
of various wave lengths necessary in order to obtain an effect in 507
of the cases, The first objects which were studied in this way were
short-day plants == soybean and cocklebur, the floral initiation of which
is prevented upon the interruption of the photoinductive dark period by
several minutes of i1llumnination, Parker, Hendricks, Borthwick, and Scully
(1945, 1946) established that red beams with a wave lenath of 600-630
millimicrons are most effective in this case (for the suppression of
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floral initiation in 507 of the cases it is sufficicnt to have energy
of 3=5010% eras/em2), The similarity of the data which were obtained
with the absorptioa spectrum of chlorophyll led the suthors to the idea
of using the red light absorbsd by the chlorophyll in order to disrupt
the flowering stinulus,

In subsequent works by Beltsville researchers (Borthwick, Hendricks,
and Parker, 1943; Parker, Hendricks, and Borthwick, 19503 Parker,
Hendricks, Borthwick, and Went, 1949) a similer action spectrum was
obtained with respect to the stirulation of the fleral initiation of
long~day plcnts (barley, henbane) and aiso with respect to intensification
of the grewth of the leaves and w2akening of the srowth of internode
sections of etiolated pea secdlings. Already during the course of these
investigations a hypothesis was expressed with respect to the presence
of a particular pigment connected with the morphozenetic action of
lioht on plants,

This hypothesis has found experirental support as a result of the
study of the spectrum of action of 1izht on the germination of
lettuce seads (Borthwick, Fendricks, Parker, Toole, Toole, 1952),

The thing which was new in principle in this work was the establishe
ment of the antagonistic action of red light and farered lightj red
light (maximum of 630«660 millimicrons) stimulated the germination of
light=zerminating seeds; farered light (maximum of 720740 millimicrons)
removed the effect of red light, In the case of repeated alternation
of red light and fare-red light the reaction of the plants depended on
the subsequent irradiationm.

On the basls of these data a bold hypothesis was advanced which
has turned out to be extremely fruitful upon experimental verification;
red light and farered light are absorbed by two forms.of one and the same
pigment, In darkness the plants contain the form with a maximum of
absorption st 650 millimicronss upon the absorption of red lizht this
form is converted into the other form with a maximum of absorption at
730 millimicrons, This second form, in turn, upon the absorption of
far-red light or in the case of darkness is converted into the first one,

The hypothesized mutual transformations of the forms of the
pigment have been expressed by the following scheme, nil elements of
which arc unknowm:

Red Light
Pigment + RX = Pigment X + R
{ maximum Far=red (maximum 730
650 milli= light millimicrons)
microns)
At rest Darkness Cermination

Substrate + RN & R + Substrate X
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Subscquently there was a2 description of the photoreversibility of
other merphogenetic reactions of plants based apparently on the presence

of the same two forms of the hypothetical pigrent. Thus, in the case of’

the shorteday plants cocklebur, soybean, amaranth, and chrysanthemum
the interruption of the photoinductive dark period by brief illumination
with red light prevented floral initiation; irradiation with farered
light removed the effect of red lisht (Borthwick, Hendricks, Parker,
19523 Downs, 19563 Cathey, Borthuwick, 1957). In the case of long-day
plants -~ barley and henbane »e red light, on the other hand, caused
floral initiation if it acted during the middle of the dark nonphoto-
inductive periods And in this case farered licht had an antagonistic
effect (Dowms, 1955). The data vhich were obtained led the authors to
the idea that biological activity is possessed by the form of the
pigment with a maximum of absorption in the rezion of 730 millimicrons
(P730), whereas the form with a maximum of absorption in the region of
660 millimicrons (Pggg) is inactive:

Red light

Peso = P230
Far=red :
light
Darkness

Downs (1955) was able to show the diversity of the reactions which
depend on the hypothetical pigment in the case of one and the same object
== gtiolated bean secdlings, Red light caused suppression of the growth
of the hypocotyl, stimulation of the growth of the epicotyl, opening
and growth of the leaves, and straightening of the btending of the
apical part of the hypocotyl. Farered light removed the effect of red
light, In the case of green besn secdlings and also of the sunflower
and morning glory the growth of the intermode sections and the petioles
was intensified as a result of brief illumination (after an 8=hkour day)
with fare-red light, the action of which was eliminated by red light
(Downs, Hendricks, Borthwick, 1957). These differences in the reaction
of etiolated and green scedlings were accounted for by the authors on
the basis of the predominance in the plants in the first case of tic
Pgeo form and the predominznce in the second case of the Pyqg form
(see also Downs, 1959).

As the tests whici were conducted by Dowms and Borthwick (1956)
deronstrated, the intensification of growth and the delay of the
transition of the trees to a state of rest which are observed in the
case of an increase in the lensth of the day also were based on the
action of farered lisht, Thus, in the case of Catalpa biononioides
raised during an S«hour day, en additional 8 hours of illurnination with
far-red light causes stimulation of growth, whereas illumination with
red light causes a decrease In the period of growth and a transition
to a state of rest, In accordance with these observatlons while raising
plants exclusively with far-red light (Incandescent lamps) and red light
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(fluorescent lamps), Downs and Pirinzer (1958a, 1958b) discovered the
stimulating effect of fare-red lisht on the growth of trees and elso

on the srowth of ccreals. The stimulating e¢ffect of far-red light on
the growth of trecs can have great ecolozical importance for seedlings, :
inasmuch 25 under the canopy of a tree there is & predominance of K
"infrared shadow" (Shakhov, Khazanov, Stanko, 1955), In the case of
cereals far-raed light caused acceleration of floral initiation, The
effect of fare-red lisht on floral initiation in cereals is being studied
at the present time by Friend (1964, 1965).

wanate Gt e

An antagonistic action on the part of rod light and far-red light
was also discoveuicas wicu fcopeii w Tk LIVsYucieosio vl pigmentse In
the skin of the tomato red light caused the formatlion of yellow pigment
(Piringer, leirnze, 1954). In the seedlings of twrnips, red cabbage,
mustard, and beans upon irradiation with red light there is a
synthesization of anthocyanins (Siezelman, Hendricks, 1957, 1958a;
Mohr, 1957; Klein, Withrow, Elstad, Price, 1957). The brief irradiation
of etiolated seedlings or separate leaves of wheat and bean with
red light caused stirulaticn of the synthesis of chlorophyll upon their
further cultivation under conditions of solar illumination (Virgin,
1957, 19533 Klein, Withrow, Elstad, Price, 1957).

Finally, in 1959 the hypothesis with respect to the presence in
plants of 2 pigment with reversibility of action in the case of red light
and far-red light received brilliant confirmation in the investigation .
of Butler, Norris, Siegelman, and Hendricks (1959); with the help of :
a highly sensitive differential spectrometer they determined the content
of pigment in etiolated secdlings of corn and turnip and separated it i
from the plants in the form of a partially purified extract, The
active basls of the extract which was soluble protein was preserved in
vitro with the ability for a reverse shift of the maximum of absorption,
the position of which was the sare as in the case of in vivo, The
authors expressed a concept with respect to the enzymatic activity of
the pigment which up to the present time has not received experimental
confirmation, .

According to the latest data the absorption spectrum of this
pigment called phytochrome is simllar to the absorption spectrum of :
allophycocyanine. In connection with this it is suggested that the ; !
prosthetic group of phytochrome is bilidienc or bilitriene (Hendricks, L
1964), Purification sixty times of the extract obtained from etiolated
seedlings of oats made 1t possible to establish that the molecular
weight of phytochrome is 20,000-150,000 (Siegelman, Firer, 1964).

The study of the distribution of phytochrome in etiolated seedlings
showed that in monocotyledons (barley, oats, corn) its content is at
a maximum In the upper parts of the coleoptile and leaves and in the nodes
while in dicotyledons (beans, peas,) its content is at a maximum in the
upper part of the eplcotyl and at the end of the root (Briggs,
Siegelman, 19633 Furuta, Hillman, 1964). With age the content of
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phytochrowe/is reduced, The conversion of phytochrore in darkness from
the active forn P to the inactive form Pggp depends on the temporature ]
and is retarded considerably when the temperature is reduced, ;

- The detection of phytochrome in green plants is made difficult
by the presence of chloronhyll vith close to the maximum value of
absorption in the red reglon of the spectrum, However, methodological
difficulties have been overcome and the presence of phytochrome has been
established photoratrically in extracts from leaves of green plants of
16 species (Lanc, Siecelman, Butler, Firer, 1963)., In long-day plants ;
it 1s considerablv easier to detect phytochrome than in short-day pleants !
(negative results which vere apparently based on the high content of
chlorophyll in the extracts were obtained with chrysanthemum, perilla,
' soybean, and cocklebur). The content of phytochrome in green plants
- was considerably less than in etiolated plants. Even such » deliberately
T simplified and schemrtic description of the history of the study of
‘ phytochrome shows how complex the problem is and how broad the possibilities
are for further research in this field,
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Current Trends in the Investica_ion of Phvtochrome

It is possible to note three basic current trends in the experimental
study of phytochrome,

EOUP PO Y SN NP S

The spectrum action. This refers to the work which is being done
fn connection with the identification and precise determination of the
spectrum of action of light with respect to various lightesensitive
reactions of plants,

S N e bt

In studying the effect of light on the synthesis of anthocyanin
In seedlings of 3rassica rapa Siegelman and Hendricks (1957) established
the presence of two plgment systems == a low energy system which corresponds
to phytochrome and a high energy system with maximums of absorption
in the blue (454 millimicrons) and farered (710 millimicrons) ranges.
The activity of the second system upon the use of longer exposures
(on the order of several hours) or of higher energy of radiation
(greater than 166 erg/cm?),

A SRR 3t B

PG bt Al

The study of the highecnergy plament system was continued by Mohr 3
(Mohr, 1957, 1958, 1959a, 1959b; Mohr, Pinning, 1962) firsts at
Beltsville and then at Frelburg University (FRG). According to the
dats by Mohr, in seedlings of Sinapls alba both pigment systems act
synergetically, causing the formation of anthocyanin and the appearance b
of halrs on the hypocotyl and stimulating new formarion and the growth
of the rudiments of leaves; the suppression of the growth of the hypo-
cotyl is based only on the activity of the high-energy system, DMohr
also detected (Mohr, Nes van, 1963; Harraschain, Mohr, 1963) the
synergetic action of the two pigment systems in Fagopyrum esculentum
in respect to the stimulation of the blosyathesis of anthocyanins end
flavonols and the suppression of the growth of the hypocotyl, In contrast
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to these 0359°t5» in the case of Lactuca sativa the pigmen* systems act
antagonistically = phytochrome causes beading of the apicnl part of
the hypocotyl ond sernination of the seeds; the high-cnergy system
removes this effect (Mohr, Noble, 1960; tohr, Haug, 1962; ohr, Appuln,
1963; Rollin,1963),

Subsequently, Hendricks and other Beltsville researchors rejected
the concept of the presence of a particular highe-energy system different
from phytochromes They found that in the case of high-cnergy radiation
light of a wave leasth of 670-720 millimicrons is absorted by both forms
of phytochrome, and they caze to th> conclusion that under such conditions
both forms of the pigment art in an active excited state (Hendricks,
Borthwick, 195%a, 1959b; Yendricks, Toole, Toole, Borthwick, 1955).

The data which were obtained earlier concerning a spectrum of action

of light with respect to the synthesis of anthocyanin in the skin of an
apple 2nd of red cab:rce and turnip seedlinss which was different from
phytochreme (Sieselm n, Hendricks, 1557, 1958a) could be explained from
the point of view of the predominance of the given form of phytochrome
in the active state, Hendricks elso explained other cases when
prolonced irradiation with farered lisht has an effect which is similar
to the case of brief irradiation with red licht by the active condition
of both forms of phytochrome (Withrow, Klein, Price, Elstad, 1953;

Klein, Withrow, Eistad, Price, 1957; Kasperbauer, Borthwick, Hendricks,
1963).

However, in recent works of the Beltsville researchers factual
proof is again being cited with respect to the existence of other
pigments in addition to phytochrome, Thus, the synthesis of anthocyanins
in scedlings of sorghum is regulated by two photoreactions -« a highe
energy photoreaction with a maximum in the region of 470 millimicrons
and a longecnersy photoreaction with a spectrum of action which is
characteristic for phytochrome (Downs, 1961; Downs, Sieselman, 1963),
On the basis of experimental data which have been obtained with the use
of a specific inhibitor of the transfer of electrons in the case of
photosynthtesis, the idea is expressed of the similarity of the highe
energy system with the first plgment system of photosynthesis which has

a maxirum of absorption in the region of 6380-730 milliricrons (Dowms,
1964),

Thus, the question of the presence of » high-encrzy plgment system
in addition to phytochrome and of the interaction of these two systems
rerains open and requires further {nvestigation,

During the course of the study of the spectrum of the action of
Iight on morphojenesis new reactions appeared as did new objects
experiencing the effect of light throush phytochrome. There has been
a description of the stimulating effect of red light on the geotropic
bending of the coleoptile of oats (Blaauw, 1961, 1963) and of mustard
scedlings (lohr, Pichler, 1960) and also a description of the inhibiting
action of red light with respect to the gzeotronisn of the coleoptile of
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com (Wilkins, Goldsmith, 1964),

Phototropic bending is caused by uniedirectional irradiation with
blue light; however, in the case of colecoptilec of oats it is intensified
by red light (Blaauw, Jansen, 1959; 3Sriges, 1963),

The growth of axillary buds of the cocklebur is caused by red
light; far-red light removes this effect (Bogorad, McIlrath, 1960).

In the duckwced it was found that trere was an entagonistic
effect on the part of red light and farered lisht not only with respect
to blossoming but also with respect to the growth of "runners®” (changed
leaves) and roots and also with respect to the speed of vegetative
multiplication (Kandeler, 19562, 1963),

The growth of the stem in certain lonz~day plants was also a
photoreversible process; in th2 case of elilotus alba it is stirulated
by red light (Kasperbaver, Borthwick, 1964%),

The transformation of ohvtochrome in plants, In this connection
there are works wihich are devoted to on examination of the condition of
the pigment in plants under various coaditions of illumination. lore
than once Kendricks and Bortheick expressed the idea that the speed of
the transformation of phytochrore in darkness from the active form to
the iaactive form is determined Ly the ability of the plants to
"measure’ time, i.e., thelr photoperiodic reaction (Borthwick,
Hendricks, 1960; Hendricks, 1963; Hendricks, Borthwick, 1963;
Hendricks, 1964; Borthwick, 1964). MNumerous tests with shorteday nlants
have shovn that thelr reaction to red light illumination and the
reversibllity of this reaction In the case of fare-red light i{llumination
depend strictly on the neriod of the light-darkness daily cycle of
the processing, the durrtion of the processing, the length of the :
night period, and other conditions of the light regire (Takimoto, ?
Ikeda, 1959; Nekayama, Borthwick, Hendricks, 1960; Borthwick, Cathey, :
1962; Takimsto, Naito, 1962; Borthwick, Downs, 1954; Fredericq, 1964),
In the opinion of the Peltsville researciers, 211 of these occurrences
are bused on the peculliar aspects of rthe state of the phytochrore in
connection with the varying spced of its transformation from the one
form to the other,

The advocates of the ldeas of Bunaing with respect to biological
clocks deny the decisive importence of phvtochrome in the mechanism
by which the plant measures time, considering that the sensitivity of
plants to the action of light §s deterrmined by the endogenous rhythm,
while phytochroe influances the photonerjodic reaction of plants oaly
within the limits of this rhythm (K¥nitz, 1958; Carpeater, Hrmrer, 1963;
Takimoto, Hrmer, 19545 Eummer, Takimoto, 1964)., At the same time
phytochrome can have some Influence on thz eadogenous rhythm, in
particular on the rhythm of the movenents of bean leaves (L8rcher, 195%).
It 1s co-pletely obvious that the resolution of the contradlictions which

siate W T e i

R 0t i o i M v 08

«8e




have occurred will be possible only after obtaining suf ficicwtly
precisc ianrwation vith respect to the trensformations of phytoctrore
in green plants, The study of tnis question is still only beginning
(Butler, Lsnc, Siecelman, 19633 De Lint, Sporuit, 1963; Rillmn,

1964; Butler, 1964; zutler, lna2, 1953), Houvcver, already the firct
works shoted that the couses of the dificrent seasitivity of a ziven
object to the action of red lizht and far-red light can be most varied
and are not nccessnrily connected uvith the oropertles of phytochrome
itself,

Lane (1963) estoblished that three varicties of sorchum with a
different phntoneriodic reacsion under the conditions of a léehour
day posscss different seasitivity to far-recd licht during the course
of the dork period, despite the sare speed of the trensforration in
darkness of phytochro:ie from the 3¢ forn to the P3gp form.

The ressons for the lesser scnsitivity to red light as displayed
by _.ac chrysenthemun in comparisen with the cocklebur and the soybeen
turned out to b2 purely zaatenicel -« the chlorephyllebearing cclls
in the leaf are so densely packed thot they canture » consldereble
part of the red beams (Cathey, 3orthuick, 1954).

In the ccse of etlolated pea secdlings tha intersicy of the
reaction of the lesvas, stems, and roots to tha sction of red light
and far-rcd light is not always in esccordance with the content of
phytochrome in these organs (Furuyz, Torrey, 19643 ruruya, Hillman,
1964),

The rechanlsm of the action of phvtochrore. As was shown above,
the most varicd reactions ol worphozennsis are sensitive to the action
of light which has been absorbed by phytochrome; this ranzes from
germination to blossoning and includes the division, stretchiaz, and
differentiation of czllss The scasitivity to lizbt is extremely varied
in the individual species and vorieties of plants, These differeaces
can be so great as to establish the onposite sim for the action of
light of one and the same vave lensths  Thus, red light retards the
floral initiation of shorteday plants, but stim:latcs the floral
fnftiation of lonz-day plants, intensiifes the ceotro:ic bending in the
coleoptiles of oats and rustard and weakens it fn corn, and causes the
straizhtening of the Yendins of the anical part of the hypocolyl in bdean
seedlings ond Cuscute indoccora (Dnims, 19553 Klein, UYithrow, Zlstad,
19565 Withrow, Klein, Elstad, 1957; lrpne, Yasperbauer, 1965), but
stimulates its foraation in lettuce, Phacelia tenacetifolia, and
Picea ables (pbhr, F-uz, 1962; Schar??, 1962; Zollin, 19%%4¢). Lettuce
of the Grand Raplds verlety is the classical object for the study of
the photoreversibility of the germination of sceds, vhereas in seeds
of enother variety such as Great Lakes, this propesty is manifested
only after irradiation with far-red light of high intensity (ilendricks,
Toole, Toole, lorthwick, 1959). Individual speciecs of the {antly
Bromeliaceae and of the senuses lepidium and Pinus possess di fferent
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sensitivity to red light on the part of the seeds (Toole, Toole,
Borthwick, Vendricks, 1955; Downs, 1934; Jacepi, 1964). The reaction
of a plant ~nd of its individual parts to light is deterrined to a
considera ° degree by their age. Already in 1941 Went who studied
the effect of light of Miffering quality on pea scedlings (‘ent, 1941)
estatlished that light (with particular effectiveness in the rezion of
€00«700 millimicrons) intensifies the growth of leaves, suppresses the
growth of the first intecrnodes, end stimulates the growth of the
succeeding internodes, Thomson (Thomson, 1954, 19593 Thomson, Miller,
1961, 1963) considers, however, that the suppression of the growth of Lhe
internodes under the effect of red light is an apparent occurrence and
is caused, in essence, by the accelerntion of thz passage of the cells
through the separate phases of growth = division, stretching,

di fferentiation, Actually, anatomical investisation has showm that
under red light there is a decrease in the dimensions of the cells of
all tissues of the Internodes of the pea and an increase in their
transition to differentiation. Contraction of the period of growth of
each Internode leads to an increase in the ruwber of Internodes in

pea seedlings under the influence of red light (Dovns, fCathey, 1950),

Within the limits of the hypocotyl the differences in the age
of the tissuws also detei iine the sign of thei: rezotion :» light, 1In
lettuce red light stimulgtes the growth of young segments (close to the
cotyledons) and suppressgs the growth of the older segments of the
hypocotyl, mainly as a result of the stretching of the cells (Hicker,
Hartman, Mohr, 1964), The changes of the growth cone in response to
light stimulation received by a leaf depend on the age of the entire
plant, In young cocklebur plants red light causes excitation of the
growth of the axillary buds; in more mature plants it retards floral
initiation (Bogorad, McIlrath, 1960), In the Pharbitis nil irradiation
sffects floral initiation both in the case of seedlings and also in the
case of mature plants; however, in seedlings in the case of irradiation
in the midd!e of the dark period red light and fare-red light suppress
flowering, whereas i= mature plauts the suppressing action of red light
is removed by far-red light ( Nakayama, Borthwick, Hendricks, 1960).

How should cne approach an explanation of the action of light throughk
phytochroma if one has ia mind not only the different nature of the
~cactions wkich are regulated by it but also the different sign and
nature of the response to: the influence, depending on the species and
even the veriety which is involved and in one and the sam2 plant,
depending also .. the agel

Now the opinions of all the researchers amount to one and the same
thing -= phytochrome cannot act directly on these various reactions;
there should be some kind of general initial stage through which the
light stimulus which has been receivea by the phytochrome has passed,
Theoretically it is possible to present the following kinds of action
of phytochrome: 1) through the endogenous growth stimulant; 2) through
the common element in metabolismj 3) through the system of regulation
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which 1s common for 21} reacticns,

The concept of the action of licht through endogenous growth
stimulants which was exrvessed for the first time by Liverman and Bonner
(1953) is most deceiving since it eguates the problem of studying the
mechanism of the action of phytochrome to the determination of the
change of the content of phytohormones under various conditions of
i1lumination. The experimental data which have been accumulated in
recent years provide a very probable hypothesis with respect to the
action of the growth stimulants through the system of regulation
(Osborn, 19563 see also the article by V.V. Polevoy in the present
book), The most valuable in.this respect are the works of Varner
{Varner, 1964; Varner, Chandra, 1964) on the 1in iced synthesis of alfae-
arylase in germinating seeds of barley under the action of gibberellic
acid end also the data of Nooden a#nd Thimann (1965) ca blocking by
chloramphenicol simultaneously and in equal measure with respect to
the growth and synthesis of protein caused by indoleacetic acid in the
tissues of the coleoptile of oats, stem of peas, and the tuber of
the Jerusalem artichole, In our subsequent description we will atempt
by comparing the action of phytochrome and growth stimulants to
determine whether it is prnssible to explain the action of light on
morphogenesis on the basi ' of its effect on the system of regulation
through change in the co%tent of endogenous growth stimulants.

A second point of view -- on the action of phytochrome through a
common €lement in the metabolism == is held by Borthwick and Hendricks
(Hendricks, 1960, 19633 Borthwick, Hendricks, 1960, 1961; Hendricks,
Borthwick, 1963). According to their hypothesis the active form of
phytochrome which is formed from the inactive form as a result of the
absorption of red light in accordance with the scheme

red light
PHy + R = P +RHp

. far red light
constitutes an enzyme =« the dehvdrogenase of acetylcoenzyme A, The
authors came to this idea on the basis of a study of the biosynthesis
of anthocyanins in which acetylcoenzyme A plays a vital role and is the
common element which connects the biosynthesis of anthocyanins with the
exchange ©f lipids, Confirmation of this hypothesis, in the opinion
of Borthwick and Hendricks, would explain the influence of phytochrome
not only on the blosynthesis of anthocyanins but also on the germination
of seed (through the stimulation of the break down of fats) and on ’
flowering (through the stimulation of the synthesis of sterols -- the
assumed hormones of flowering), However, as yet there are no facts which
directly show the effect of light on acetylcoenzyme A, However, even
if they were obtained, it would hardly be possible to consider that the
mechanism of the action of phytochrome had been explained; still completely
unexplained would be the effect of phytochrome on a series of other
reactions, especially on the growth of the stem organs and leaves. In
addition, the single action of phytochrome on a certain element of the
metabolism could not explain the relationship between the sensitivity
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to light and the age and species adherence of the plants., However,
the study of the effect of l1ight on metabolism through the phytochrome

is already beginning to give valuable results which will be examined
beiow, ‘ 3

. ) The 1dea of the effect of light through a system of regulation has
beern expressed in some form or another over the course of many years E
by Mohr, At first he spoke of 2 radical change of the course of the 3
metabolism in a plant (Mohr, 1960). In recent works Mohr (Hock, Mohr,
1964; Mohr, 1965) is more specific in naming the point of application
of the action of phytochrome «- this being potentially active genes, the
activity of which alsc establish the specificity and diversity of the
reactions wvhich are observed upon the illumination of plants, In
the opinion of Mohr, all cells of a given plant have the same genotype;
however, in cells of different types various parts of this genotype are

. active, In connection with this he distinguishes: 1) inactive genes;

i 2) active genes which function in the same way in darkness and under
light; 3) potentially active genes, the activity of which is excited
upon illumination with red light through the phytochrome. Of course,
the idea which Mohr has expressed still remains purely hypothetical,

It is known, it is true, that far-red light increases the number of

g chromosome aberrations which occur under the inrluence of xe-rays, while

red light removes this effect (Withrow, Moh, 1957; Moh, Withrow, 1939}, ;

However, this is an extreme case. It is possible to visualize that the ’

light which has been absorbed by the phytochrome itself has a milder

physiological effect on the genes, although this could be certainly not
the genes themselves but rather one of the components of the complex
system of cell regulation of which we were speaking at the beginning of :

this article. i

oy
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i Some information which supports these ideas will be examined when
: we discuss the effect of light on metabolism through the phytochrome,

et us turn to a discussion of the experimental data which have
been obtained upon comparing the effect of light and growth stimulants,

o MG+ ¢ 4 SRR (108 (oD

The Interaction of Phytochrome and Growth Stimulants

P

Below we will examine the effect of growth stimulents (indoleacetic
acid, gibberellic acid, and kinetin) on the photomorphogenetic reactions
which are connected with the vegetative growth of plants: on germination,
the growth of axial organs, and the growth of leaves, The role of

growth stimulants in the induction of floral initiation requires special
discussion,

s

O

Phytochrome and Indoleacetic Acid

In couparing the effect of phytochrome and !ndoleacetic acid on
the processes of morphogenesis the picture which emerges is extremely
. varied, On the one hand, indoleacetic acid has hardly any effect on Q
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the germination of seeds and on the growth of leaves, both of which are
clearly stimulated by phytochrome., On the other hand, phytochrome

has a suppressing effect on the growth of epicotyls and hypocotyls of
bean seedlings and also on the formation of bending at the top of the
hypocotyl, both of which are stimulated by indoleacetic acids The

effect of phytochrome on the growth of the ccleoptile of cereels which
serves as a test object for the determination of i-doleacetic acid is

not a single value thing = the grouth of the coleoptile of oats is
intensified upon the use of red light (Liverman, Bonner, 1953; Blaauwe
Jansen, 1959); the growth of the coleoptile of rice 1s suppressed
(Kefford, 1962), Liverman and Bonner on the basis of stimulation of

the growth of the coleoptile-of oats which they detected both before and
after treatment with farered light expressed the hypothesis that red
light causes the formation of a receptor which is necessary in complex
for the activity of endogenous indoleacetic acid. The authors considered
that this hypothesis was applicable with xespect to the antagonistic
action of red light and far-red light on other processes as well,
including flowering, the germination of seeds, and the growth of leaves,
In other words, in all cases it was assumed that there was a single

kind of action by Indoleacetic acid and light. Obviously, at the present
time this hypothesis should be rejected in its initial form because of
two basic reasons., First of all, it has been shown experimentally that
red light causes not an increase but rather a reduction in the content E
of free indoleacetic acid in the coleoptiles of cereals (Blaauw=Jansen, :
19593 Phillips, Vlitos, Cutler, 1959; Briggs, 1963)., In addition, as

has been pointed out, red lisht and indoleacetic acid act on different
aspects of morphogenesis in by no means the same way, The antagonistic
action of indoleacetic acid and phytochrome was demonstrated with
particular clarity by Klein et al, (Klein, Withrow, Elstad, 1956;

Klein, 1959) in tests with isolated hypocotyls of bean seedlings. Red
light causes straightening of the hook of the hypocotyl as a result

of the intensified stretching of the cells of the concave side; indole=
acetic acid causes its formation. In the case of joint action indoleacetic
acld reduces the effect of red light in proportion to its concentration

in the solution, Klein considers the straightening of the hook of the
hypocotyl to be a more specific reaction of photomorphogenesis, inasmuch
as it is caused exclusively by the action of red light., The latter

cannot be replaced by any of the tested growth stimulants,
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On the basis of the results of the study of the effect of light
on the growth of segments of eplcotyls in solutions of indoleacetic
acid of varlous concentrations Galston (Galston, Hand, 1949; Galston,
Baker, 1953) came to the conclusion that red light reduces the sensitivity
of segments to indoleacetic acid,

%
&
2

These results were confirmed by Hillman (1959) in tests with
internode sections of peas (a more precise difference was observed in
calculating the length but not the wet weisht)., Indoleacetic acid did
not remove the suppressing effect of red light on the growth of the
segments all the way to a concentration of 10°6M. 1In a higher con=
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centration indoleacetic acid prevented the action of red light.
Unfortunately, it is still not clear as to the effect of red light on
the concentration of endogenous indoleacetic acld in such segments,

before undertaking a comparison of the effect of red light and
indoleacetic acid on whele been seedlings, it should be.noted that light
causes intensification of the growth of leaves and suppression of the
growth of the first internodes.

Spraying the pea seedlings with a solution of indcleacetic acid
(10 mg/liter) causes only slight weakcning of the suppressing action
of red light (Viitos, Meudt, 1957),

In studying the effect of light on auxin metabolism in pea and
bean seedlings, Hillman and Galston (1957) found that in the top buds
in which the growth is stimulated by light (on account of the leaves)
red iight causes a lowering of the activity of the oxidase of
indoleacetic acid as a result of an increase in the content of the
inhibitor., As was shown by subsequent investigations (Galston, 1959),
a considerable increase in the content of the inhibitor of the oxidase
of indoleacetic acid under light occurs not only in young leaves but also
in young internodes of the pea, i.e., in those very parts of the plants
where the growth Is most strongly inhibited by light., However,
importance was not attached to this and the study of the effect of
light on the content of the inhibitor was continued,

Inasmuch as the Inhibitor was a derivative of kaempferol, the
hypothesis arose as to the effect of light on growth through change of
the content of flavonoids (Mumford, Smith, Castle, 19613 Furuya,
Thomas, 1962; ses also Kefeli, 1964),

Having followed the effect of brief irradiation with red light
on the growth of a bud and on the accumulation of the inuibitor of the
oxidase of indoleacetic acid, Furuya and Thomas (1964) found that the
synthesis of the inhibitor begins only after a 4-hour lag period and
requires considerably more energy than does the stimulation of the
growth of a bude On this basis the authors came to the conclusion
that phytochrome acts on both processes == the growth of a bud and
the synthesis of the flavonoid == in parallel and not through flavonoids
on the growth, According to unpublished data (a letter by Furuya to
the Institute of the Physiology of Plants) the latest t- sts have not
confirmed the results which were obtained earlier with respect to the
change of the content of derivatives of kaempferol upon illumlnation.

Perhaps, however, regardless of the change of the content of
kaempferol, the lowering of the activity of the oxidase of indoleacetic
acid upon exposure to light is still the physiological basis of the
photomorphogenetic r2actions, Up to the present time it has been
necessary to give a negative answer to this question since, in the first
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place, single-value changes of the activity of the enzyme upon exposure
to light are observed against a background of both suppression of
growth and also stimulation of growth and, in the second place, light
causes a reduction in the content of indoleacetic acid in the upper
parts of bean seedlings (Fletcher, Zalik, 1964) where there is a
predominance {in weight) of the leaves and cotyledons, the growth .of
which is stimulated by light,

Thus, on the basis of the data which has been cited, it is
apparently possible to draw still another conclusion =« the action of
phytochrome on a plant is not accomplished through indoleacetic acid,
The change of the content of-indoleacetic acid in a plant under the
Influence of irradiation with red light occurs in parallel with other
morphophysiological changes and is not primary. It is possible that
in individual cases indoleacetic acid and phytochrome, if not operating
in the same way, in any case act in a similar manner, although there is
a lack of specific information on this,

‘Phytochrome and Gibberellins

The interaction of light and gibberellic acid has been studied
in greater detail inasmuch as the greatest activity of both factors is
manifested with respect to the same reactions of morphozenesis, On
the one hand, gibberellic acid and fare-red light cause stimulation,
while red light causes suppression of the growth of the stem and
hypocotyl in seedlings, while gibberellic acid and red light intensify
and fare-red light inhibits the growth of the coleoptile of cereals,
the growth of leaves, and the germination of light-sensitive seeds.

The question of the connection between the action of gibberellic
acid and phytochrome is studied most fully by Lockhart (1956-1964) who
defends the ldea of the effect of light on growth through the endogenous
gibberellins. However, already in the first work by Lockhart (1956)
with pea seedlings it was indicated that although gibberellic acid
also removes the Inhibiting effect of red light on growth, the action
of these factors is directed at different stages of growth; treatment
with gibberellic acid causes an increase in the total length of the
seedling as a result of the stimulation of the growth of the internodes
while in the case of the use of red light there is not only the
inhibition of the growth of the internodes but also an increase of their
number and also stimulation of th: growth of leaves, Such results were
obtained in tests with seedlings of other plants ~ pumpkin, cucumber,
sunflower, and beans (Lockhart, 1958a). Subsequently Lockhart showed
that upon saturation of pea and bean plants with gibberellic acid
(i.e., upon the introduction of exogenic gibberellic acid in an excess
amount) they lose the ability to react to red light., On the basis of
these data lockhart expressed the hypothesis that red light causes
a reduction in the content of endozenous gibberellins in plants
(Lockhart, 1959, 1961; Lockhart, Gottshall, 1959)., In one of his later

-15-

e T L

R g b

e

Y
i
{




works lockhart (1964) found that the sensitivity of the bean stem to
red light disappears not only in the case of en excess of gibberellic
acid but alsc upon the removal of the top bud and the leaf which is
closest to it, Vl1itos (nd Meudt (1957) reported earlier with respect
to the necessity of the hypotetic factor from the upper part for the -
accomplishment of the stimulating effect of gibberellic acid on the

growth of the stem, especlally in the case of illumination with red light,

In the opinion of lLockhart the predecessor of gibberellin is formed

in the upper part; it moves to the stem and is converted there to the
active gibberellin wiich stimulates the growth of the internodes,

Red light prevents the formation of gibberellin from the predecessor,
which also leads to the suppression of growth., If an excess of exogenic

gibberellic acid is added, the effect of red light on growth will not
be reflected,

It would seem that the question is clear; it remains only to
determine the change in the content of endogenous gibberellins in the
case of illumination. The results of the first tests which were
conducted with this purpose have not supported Lockhart?s hypotheses,
In bean seedlings in the case of both etiolated and green plants it
has not been possible toyfind endogenous gibberellins, despite the
use of a highly sensitivg method (Phillips, Vlitos, Cutler, 1959) in
3-month tobacco plants (0f both the short-day and long-day varieties)
the content of endogenous gibberellins upon exposure to light increases
with the length of the photoperiod (Chaylakhyan, Lozhnikova, 1964),

In addition to these data it is possible to cite a series of arguments
which refute the hypothesis which was advanced by Lockhart,

Thus, Downs and Cathey (1960) emphasized that gibberellic acid
acts on the growth of individual internodes, while red light causes
an increase in the number of internodes, Ir the tests wilh beans which
were described by them red light intensified the effect of gibberellic
acid because the stimulating action of gibberellic was conveyed to a
larger number of internodes, In tests with green bean plants (all
other data which deal with the q.estion apply to etiolated seedlings)
gibberellic acid Intensified the effect of farered light, but red light
did not remove the effect of gibberellic acid (Downs, Hendricks,
Borthwick, 1957). :

!

Sale and Vince (1960) who studied the effect of glbberellic acid
on the growth of pea seedlings in the case of their illumination with
red light, fare-red light, and blue light for periods of time ranging
from 15 minutes to 16 hours per day came to a conclusion as to the
independence of the action of red lizht and gibberellic acid. In
support of thls conclusion they advanced the following proof: 1) in
the case of the sirultaneous treatment of plants with gibberellic acid
and far-red light one can observe the additive nature of their action,
1.e., a simple summation of the effect of ea.: treatment; 2) the effect
of glibberellic acid on the dwarf variety of peas does not depend on
the duration of illumination during the course of a day; 3) gibberellic
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acid in high doses partially removes the effect not only of red light
but also of blue light as well; 4) in the -~ase of the combined action
of red light and gibberellic acid the total length of the plants is the
greatest; however, the length of the individual internodes remains less
than in the case of treatment with gibberellic acid in the dark

In tests which were conducted by Selman and Ahmed (1962) tomato
plants were growm in a 15-hour day with additional brief irradiation
with red light or fare-red light, The growth of such plants was stimulated
by farered 1ight regerdless of the concentration of gibberellic acid
which was employed to treat the plants. This applies both to the
growth of the stem in length’and also to the accumulation of wet weight
by the stem and petioles, while at the same time it was not important
as to whether the plants were treated with gibberellic before or after
their illumination with farered light,

The results of two works which have only just been examined have
fully confirmed the data which were obtained earlier by Hillman (1959)
in methodologically stricter tests with isolated segments of the third
internode of bean seedlings which were raised in darkness and with the
use of red light, The sq}pression of the growth of segments of dark
seedlings does not depeng on the presence of gibberellic acid in the
medium; the absolute valte of the lagging in the growth in comparison
with the dark control case is the same for any concentration of
gibberellic acid and when it is not used, There is no case in which
gibberellic acid does not remove the effect of red light, Farered
light end gibberellic acid act additively on the growth of seedling
segments vhich have been raised under red light and cause stimulation
of the growth, y

Mohr and Appuhn (1962) raised white mustard seeds in darkness
in water and in solutions of gibberellic acid of various concentrations,
i.e., they Introduced gibberellic acid through the roots and not through
the part above the ground, In this case the suppressing action of red
light on the growth of the hypoc.tyl was almost the same when gibberellic
acid was not used and when the plants were saturated with gibberellic
acid. Judging from the course of the curves which show the relation of
the growth to the dose of’ gibberellic acid, red light does not reduce
the effect of the action of gibberellic acid. In addition, gibberellic
ascid stimulated only the Etretching of the cells, while red light
inhibited hoth stretching and division,

Upon the conduct of an experimental check these data were confirmed
fully by Nwachuku and Llockhart (1964) who, however, consider that mustard
is an unsuitable object for this kind of investigation, The suthors
consider that in the case of peas and beans the courses of the effect
of red light and gibberelli< acid on plants are more closely connected
with each other than i3 the case with mustard. However, as is evident
from the work by Hillman, this connection is also not manifested in the
pea.
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As has been shown by tests which were conducted by Roesel and '
Haber (1963), red light causes intensification of the jrowth of only ]
the younger apical part of the coleoptile of wheat, but inhibits the
growth of the more matu:p basal part. Gibberellic acid stimulates the
growth of all parts of the coleoptile in the same measure, whereas
11lumination does not influence the sensitivity of the coleoptile to
treatment with gibberellic acid,

The red light which is necessary for the growth of sections which
have been cut from etiolated bean leaves can Le replaced in part by
treating them in darkness with aibberellic acid, while the action of the
latter is partially removed by far-red light (Scott, Liverman, 1957;
Liverman, Johnson, 1958), In addition, both gibberellic acid and red
light stimulate not only the stretching but also the division of the
cells of the leaf, However, if the seszments which have been treated
with gibberellic acid are illuninated with red light, the stimulation
of division is reduced and, on the other hand, the stimulation of the
stretching is intensified still more (Humphries, Wheeler, 1966). Thus,
in this case also, like the growth of the stem of seedlings, the total
results of the effect of light and gibberellic acid on the plant appear
to be the same, houvever, they apparently are achieved in different ways
as a result of the occury.nce of different intermediate reactions., It
should also be noted that in the work which was cited above by Selman
and Ahmud (1962) gibberellic acid hardly acted at all on the growth of
the leaves of green tomato plants, whereas far-red light caused
considerable stimulation with respect to the increase of the wet and
dry weight of the leaf sections.

Particularly great similarity has been detected in the action of
gibberellic acid and red light on the germination of seeds. Gibberellic
acid causes 1007 cermination in darkness of lightesprouting seeds of
lettuce, Bidens radiata, and Lythrum salicaria, replacing the action of
red light. However, fare-red light does not remove the stimulating i
effect of gibberellic acid on germination, and gibberellic acid does
not remove the Inhibiting effect of far-red light (Kahn, Goss, Smith,
1957; Haber, Tolbert, 1959; Ikuma, Thimann, 1960, 1963a; Rollin,
1964¢). Results of this kind were obtained not only with gibberellic
acid but also in the case of the use of a mixture of gibberellins A
and A7 which possess stlll greater activity with respect to stimulating
the germination of seeds :(Tkuma, Thirann, 1963c).

Partial elimination of the effect of gibberellic acid in the case
of 1llumination of seeds with far-red light has been described only
in one of the earlier works (Evenari, Neumann, Blumenthal=Goldschmidt,
Msyer, Poljakoff-dayber, 1953),

Just es red light does so also does gibberellic acid have an effect
on t'e earliest stages of germination; the maximum sensitivity of the
seeds to both factors occurs lk hours after the beginning of their
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wetting with this sensitivity being more expressed in the axial part of
the seedling and not in the cotyledons (Ikuma, Thimann, 1960, 1963a).
In both cases the mitotic activity at the end of the rootlet does not
undergo changes (Haber, Luipold, 1960),

However, in the case of a certain arrangement of the test and the
use of a low optimum temperature the effects of gibherellic acid on
germination were examined by Haber and Tolbert (1959); they were able
to distinguish between the action of gibberellic acid and light and show
that the red lighte-farered light system can regulate the germination of
seeds in the case where the activity of gibberellic acid is blocked.
Finally, the welghtiast proof of the absence of a single mechanism in
the case of the action of gibberellic acid and red light was obtained
by Ikuma and Thimann (1960) who established that in germinating lettuce
seeds the content of endogenous gibberellins is extremely low and is not
increased upon illumination with red light. On the basis of the data which
were obtained the authors come to the valid conclusion that gibberellic
acid and red light act independently of each other, initiating a chain of
chemical reactions with the same end products.

Phytochrome and Kinetin

Already within a year after the discovery of kinetin Miller
(1956) directed attention to the similarity of the action of this sube
stance to the action of red light with respect to the germination of
seeds, the growth in length of the stem of bean seedlings, and the
growth of sections from etiolated bean leaves. However, upon determining
that far-red light does not remove the action of kinetin and that the
latter acts on the germination with a considerably weaker effect that
red light, Miller suggested that light and kinetin influence different
aspects of the process of growth,

Soon Hillmann (1957) showed that kinetin can replace red light
in the stimulation of vegetative multiplication of duckweed. In the
same way as red light, kinetin also stimulates the growth of segments of
coleoptiles of oats (Schrank, 1957) and causcs intensified synthesis
of anthocyanin in {solated petals of balsam (Klein, Hegen, 1961) and
in isolated buds of rudbeckia, perilla, and morning glory (Butenko, 1964),

Thus, the sign of the action of kinetin and red light coincides with
respect to all processes which are regulated by light acting through
phytochrome. The exception is only the hook of the apical part of the
hypocotyl of seedlings which, as was {ndicated above, is a specific
reaction of photomorphojenesis, However, more detailed investigzations
of the interaction of light and kinetin with respect to the germination
of seeds and the growth of leaves have shoun that ulso in this case there
is not complete congruence in the mechanism of actlon.

Kinetin in the dark causes slight germination of lettuce sceds of the
Grand Raplids varlety which are slight according to the data of Miller
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(1958) and up to 957 according to the data of Evenarl et al. (Evenari,
Nenmann, BlumentlaleGoldschmidt, Mayer, Poljakoff-Mayber, 1958),
However, in all cases kinetin intensifies the stimulating action of
light with respect to germination; far-red light does not remove the
action of kinetin. The effect of kinetin and red light can be limited
easily by lowering the temperature (to 14-179) to a point at which
kinetin is inactive or causes & delay in germination (Haber, Tolbert,
1959; Weisz, 1960). The action of kinetin with respect to germination is
distinguished from the action of red light end gibberellic acid both
with respect to tire and also with respect to the place of application.
At 8 temperature of 37° only kinetin stirulates the mitotic sctivity of
the end of the rootlet (Haber, Luippold, 1960). At room temperature
kinetin suppresses tte growth of the root and hypocotyl and strongly
stimulates the growth of the cotyledons; however, it does not have an
effect on swelling during the course of first 8 hours of the wetting

of the seeds, i.,e., 1t does not influence the ear'y phases of
germination (Ikuma, Thimann, 1963a). In the opinion of Ikura and
Thimann kinetin acts on the later pheses of germination in comparison
with red light and gibberellic acid, increasing the sensitivity of the
seeds to red licht,

In connection with this it wuld be f{nteresting to determine the
effect of red light on tle content of endogenous kinins in the seeds
during germination, An investigation of this kird was begun by
Barzilal and !‘ayer (1964). Using es the biotest the formation of
callus in the isolated pith of a tobacco stem, the suthors esteblished
thet kinins which are absent In quiescent lettuce seeds appear 48
hours after J0-second irradiation with red light, If fare-red light
is employed following the red light, the seeds remain in a state of
quiescence and do not contain kinins, In order to evaluate these
results it is necessary to have a rore deteiled study of the change in
the content of kinins under the Influence of red light end far-red light
over time and to identify these compounds.

In a series of works Liverman et el, (Scott, Liverman, 1956, 1957;
Liverman, Johnson, 1958) clearly established that kinetin stimulates
the growth of disks from etiolated leaves of duarf beans, regardless
of the fllumination; the action of kinetin is not removed by far-red
light; in the case of the combined use of kinetin and red light there
is an additive effect, i.e,, & simple surmation of both effects, In
the opinion of Liverman, red light and kinetin ect on different processes,
It is interesting that with respect to the gcrowth of disks from the
lesves the sare action as with kinetin {s manifested by 6-benzylaminopurine
and especially by edenine, In connection with this Liverman suggests
that adenine or a compound which is close to it could be the final
product of the action of red light.

Anatomical study has shown that kinetin causes only stretching of

the cells, The date diverce with respect to the action of red light,
Powell and Griffith (1960) found that red lizht, In contrast to kinetin,
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acts only on the division of the cells. However, in the case of their
combined use the cells achieve greater size than is the case under the
action of kinetin alone, i.e., it is possible that there is some

mutual effect of these factors., According to the observations of
Humphries and Wheeler (1960), red light stimulates both the expansion
and also the division of the cells, It is possible that the divergence
of the results is connected with differences in the arrangement of the
test,

One of the rost characteristic properties of kinetin is its
ability to prevent a lowering of the conteat of protein and chlorophyll
in isolated leaves, Suziura-(1963) found that red light also acts in
the same way, In the case of their combined use red light intensifies
the effect of kinetin in low concentrations. It is particularly
interesting titat the action of red light is removed not ¢ ly by fare
red light but also by 2,4-dinitrophenol, inhibitors of the synthesis
of nrotein (chloramphenicol), analosues of amino acids, and derivatives
of nucleic acids., These data led Susiura co the conclusion that red
light, just as kinetin, causes activization of the synthesis of protein.
However, kinetin and red light act in an opposite manner on the
absorption of tagzed P32 of an inorganic phosphate; red lisht stimulates
this process, causing the rapid inclusion of P32 in the acid-soluble
fracg%on of orgzanic phosphates, while kinetin inhibits the absorption
of P4,

Thus, even in the case of deep similarity in the mechanism of the
action of kinetin and red light which includes the most important
aspects of metabolism, full analogy is not observed,

Taken together, the deta which have been cited do not provide a
besis for a conclusion with respect to the action of light on photo-
morphogenesis through a change in the content or actlivity of endogenous
growth stimulants such as indoleacetic acld, gibberellins, and kinetins.
If such changes do exist, they apparently occur in parailel with growth
reactions and are not their only ceuse,

Hillman (1959) denies the role of growth stirmulants in photoe
morphogenesis, considering that red light suppresses only Mendogenous®
growth and does not affect the srowth which is caused by the action of
growth stimulants,

An opposite opinion continues to be held by Liverman (1959) who
sugsests that auxin, gibberellic acid, and »purines (kinins) are included
at some stase in the branched chain of the reactions which lead to :
rorphogenesis from the absorption of light, 3

It seens to us that it would be more probable that endogenous iX
growth stinulants and lizht operate independently from each other but
that the courses of thelr action on morphojenesis are so varied and
complex that they almost coincide with resnect to sone reactions while
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strongly diverpingz with respect to other reactions,

Mention should also be made of the results of a study of the effect
of light on the content'ln plants of physiologically active substances
which have not yet been identified, Thus, i~ leaf peduncles of
spiderwart in the case of the action of red light there is a decrease
not only in the content of the totel auxins but also in the content of
substances of the bios group (Ruge, 1953, 1960). Judging from the
histograms which vere obtained by Hahn (1959), in various plants
depending on their age at the time of illumination with light of
various snectral corpositions there is a change in the content of
individual unidentified auxifiss In the case of the illumination of
etiolated pea seedlings with red light the change In the total content
of auxins corresponds approximately to the change in the intensity of
growth (Phillips, Vlitos, Cutler, 1959), The authors consider that cne
of these substances which experiences the greatest changes is similar
to indoleacctic acid, while the cotposition of the other substances
remzins unknow,

BlaauweJansen (1959) isolated a substance from the upper part of the
coleoptiles of oats whici)he called the "red light factor." This
substance which Is form f upon irradiation of the coleoptiles with red
light in the presence of |low concentrations of indoleacetic acid
causes the same stimulation of the growth of the coleoptiles as does
their irradiation with red light. The substance does not possess any

activity along the line of that of the gibberellins.

In order to explain’ the results which were obtained upon the study
of the interaction of lighit and gibberellic acid ir tests with dwarf
peas Simpson and Wain (1961) advance the hypothesis of the formetion,
under the influence of light, of a growth inhibiter at the top of the
seedling,

It would be interestins from this point of view to study the
influence of the brief illuminat on of plants with red light with respect
to the content in them of growth inhibitors of the type of those
phenol compounds which have been detected in suckers found on trees
when they enter under the influence of a long day during the period of
quiescence (Sarapuu, 196?, 1965; Robinson, Yareing, 1964; Eagles,
Wareing, 1964).

Thus, amongs the physiologically active substances there is not
yet a compound which has been found which could be considered to be the
primary product which is forred upon the activation of phytochrome by
light energy. At the same time the presence of such a substance (or
substances) is confirmed by obs:rvations of the rapid transfer of light
stimull in tissue, for example, in the case of irradiation of one side
of a lettuce seed with red light and of the other side with farered
light or in the case of irradistion of part of a wheat leaf with red
light (Klein, Preiss, 1958; Wagne, 1964),
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let us now turn to the results of the biochemical study of the

changes which are ceused by lisht; the basic purpose of this examination

is to deteraine the prizary elements of metabolism which are common for
the various reactions of photomorphogenesis.

The Effect of Phytochrome on letabollsm

Respiration and Oxidative Phosphorylation

Experirental investigations of the common element in metabolism
which Is affected by phytochrore have been direscted above all at the
processes of respiration and-oxidative phosphorylation as the source
of the enercy which is necessary for ail the reactions of photomorpho=
genesis, Actually, the intensity of respiration of light-sensitive
lettuce seads is increased upon irradiation with red light (Hagen,
Borthwick, Hendricks, 1954; Evenari, leumann, Klein, 19555 Nyman, 1963).
This also agrees vith the observation by Ikuma and Thirann (1964) with
respect to the necessity of aerobic conditions for the posteinduction
phase of germination which occurs irmmediately after brief irrasdiation
of the seeds with red light,

However, not all the tissues and organs of a plant react to red
1ight with intensified respiretion. The sign of the action of red light
on respiration is identical te the sign of its action with respect to
the corresponding stage of morrhosenesis (Leopold, Guernsey, 1954);
it causes 2n Increase of respiration in the leaves of longeday plants
(barley) and in lettuce seeds, but inhibits the respiration of leaves
of shorteday plants (soybean and cocklebur), of the mesocotyl of oats,
and of the stem of peas.s In all cases fare-red lisht removes the effect
of red light, Consequently, respiration cannot be the common element
which reacts in the same way to the action of phytochrome,

In tests by Hock and Mohr (1964) with mustard seedlings red
l1ight stirulated the respiration of the cotyledons which experienced
intensified grouth in this case and also stimulated the respiration of
the hypocotyls for which growth was inhibited,

However, the change of respiration was observed not earlier than
one to two days after irradiation, therefore, it cannot have a direct
relation to the mechanism of the primary action of phytochrome,

The data with respect to the influence of phytochrome on oxidatiwve
phosphorylation are contradictory., Gordon and Surrey (Gordon, Surrey,

1958, 195603 Gordon, 1964) found that the irradiation of etiolated seedlings
of oats with red light leads to intensification of oxidative phosphoryla-

tion in the mitochondriae which come from the coleoptile., Red light
also stimulates the absorption of P32 from inorzanic phosphate by
germinating lettuce seeds and its inclusion in the acid=-soluble and

phospholipid fractions of phosphoroorganic compounds (Surrey, Gordon, 19623

Surrey, 1962),
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Hovever, Sisler and Klein (1961) did not confirm these data and
did not detect chanzes of the content of ATP and of the speed of inclusion
of tagsed phosphate in organic phosphates and nucleotides of seedlings
of beans and cats under‘ihe influence of red light and far-red light,

In his work which was cited abowve, Sucsiura (1963) in sccordance
with the data Gordon and Surrey observed the stirmlating action of red
iight with respect to the absorption of inorganic phosphate and its
inclusion in thte acid-soluble fraction of phosphoroorganic compounds
in disks from tobacco leaves, Apparently it is necessary to furthex
clarify the influence of red light on oxidatiwve phosphorylation,.

-

Anthoczanins

The synthesis of anthocyanins in a plant under the action of light
1s related to certain stages of the wmorphogenesls of plants. Mention
was made above of the accunulation under red light of anthocyenins
in a series of plants (bean, mustard, turnip, red cabbage, sorghum),
The same pheromenon is observed in rye scedlings (Metche, Gay, 1964).
The anthocyanic coloration of youns, growing leaves of cedar and oak is
well knosm. In the casey " iupine the varieties with anthocyanic
coloration are distinguij aed by their speed of growth and by their
early raturation {)aysuryan, Tyutyunnikov, 1962).

In isolated roots of Chrysanthemum leucantheum which are raised

in vitor the anthocyanic coloration appears strictly at the same time
as the beginning of growth -- 18 hours after the extraction of the mot
from the seed (Beguin, 1964). In growing isolated hypocotyls of balsam
in the light under sterile conditions in the presence of sugar, Arnold
and Alston (1961) found that the Semm segment closest to the cotyledon
is characterized by the greatest magnitudes of the Intensity of growth,
of respiration, and of the content of enthocyanins. These results

gave tle authors a basis for considering the formation of anthocyenins

to be en Indicator of the processes of exchange which accompany
differentiation, - iy

The connection between the blosynthesis of enthocyanin and
respiration was studied earlier by Eberhardt (1954) for the most varied
objects == seedlings of :ed cabbage, fall leaves of Saxifraga crassifolia
and Partenocissus vitaced, and maturing fruits of Sorbus hybrida.

In tests with isolated leaves of Saxifraga the synthesis of anthocyanins
and respiration are intensified under 1ight in the presence of sugar and
are suppressed by lodoacetic acid. At the same time, 2,4-dinitrophenol
intensified respiration but suppressed the synthesis of anthocyanin in
the same way as it occurs with growth and other processes which require a
sufficient emount of energy. These data led Eberhardt to the idea that
anthocyanins are formed in the presence of intensified metabolism,
especially In the case of the sccumulation of compounds which are rich
In energy due to oxidative phosphorylation,

In studying the role of ATP in the stimulating effect of red light of
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high energy on the biosynthesis of anthocyanin, Kandeler (1960) obtained
clearly positive results, In his tests with red cabbage seedlings the
action of the light to a certain extent was fulfilled in the feeding of
the plants with saccharqse, ATP, and ascorbic acid, but not by the pre-
decessors of anthocyanins (sodium acetate, phloroglucinol, shikimic acid,
and L-phenylalanin). In the opinion of Xendeler it is ATP and not the
predecessors vwhich is the limiting factor in the blosynthesis of
anthocyanin and vhich is removed by light, ©(n the other hand, in the
case of rye seedlings light caused intensification of the irclusion of
phenylalanin-S»CI& in anthocyanic pigments (letche, Gay, 1964),

Thus, there is still ar unsclved problem with respect to which
element in the process of the blosynthesis of anthocyanins is affected
by light; however, in any case its action is not primary, inasmuch as
it is reflected only after & lag pericd of not less than 6 to 8 hours
(Siegelman, Hendricks, 1958b; Klein, Withrow, Elstad, and Price, 1957),

Thirann and Radner (1955a, 1955b) discovered that in duckweed
(Spirodela oligcrrihiza) the photochemical reaction of the formation of
anthocyanins is suppressed by ethionin and the antimetabolites of
nucleic exchenge, especi{;ly 8easaguanine, The metabolites remeve the
suppression which is caui’2d by the antimetabolites, The authors
hypothesize that the light reaction of the biosynthesis of enthocyanins
is connected with the synthesis of nucleotides and nucleic acids.

This idea is supported by the data of Arnold and Albert (1964) who
studied the biosynthesis of anthocyanin in isolated segments of the
hypocotyl of balsam, 8=Asaguanine suppressed not only the synthesis of
anthocyanin under light but also the growth of the segments. However,
the antimetabolite had almost no effect on the youngest segments which
consisted of meristomatic tissue (as was indicated above, this part
of the hypocotyl reacts to red light not with inhibition but rather
with intensification of growth),

f

It is known that the content, composition, and distributicn of
anthocyanins in plants are under strict genetic control (Alston, 1959).
Hess (1964) in tests with the petunia was able in the petals of the
flowers to cause suppression of the genetically based synthesis of
anthocyanins by means of the introduction of 2ethiouracil into the flower
buds during the appropriste period of their development, In accordance
with the hypothesis of Hess, the appearance of anthocyanin in the

flowers is preceded by the formation of the corresponding informational
RNA, .

The data vhich we have at our disposal undoubtedly are insufficieun.
for the conclusion that light acts on the synthesis of anthocyanin
througzh a system of regulation which Includes informational RNA; however,
the data are also fully In agreement with such a conclusion. Apparently
only in this way is it possible to explain the following interesting
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facts which/are contradictory to the idea of the assoclation of the
biosynthesis of anthocyanins with periods of intensive morphogenesis , £
and metabolism,

~

. T In the case of Perilla ocymoides and P, nankinensis the photo-
periodic induetion by a short day leads to a sharp reduction in the
content of anthocyanins in the leaves (Yermolova, Shcheglova, 1948). k
The same stage of morphogenesis 1s accompanied i another short-day [
plant -~ Kalanchoe blossfeldiana == by stimulation of the synthesis of -
anthocyanin (Neyland, Ng, Thimann, 1963), ]

R L L

According to the data ol Stafford (1956), in an isolated first
internode of sorghum the synthesis of flavonoids being stimulated by
light 1s localized not only in young segments, as in the case of balsam,
S but, on the contrary, in tissues which have completed their growth,
$ i In this work another point which is notable is the indication as to the
P necessity of i{llumination for the synthesis of flavonoids (luteolin)
the composition of which contains a B ring which has hydroxyl groups at
the 3 and 4 positions, if.e., the part of the molecule of anthocyanin
for which synthesis is precisely regulated by genore, in particular
in the petunia (Eess, 1964),

Chloroohyll

In describing the history of the study of phytochrome we mentioned
the gtimulating effect of red light on the synthesis of chlorophyll,
The objects which were studied were leaves of etiolated seedlings of
beans, wheat, and garden penpergrass (Klein, Withrow, Elstad, and Price,
1957; Price, Klein, 1961; Virgin, 1957, 1958; Mitrakos, 1961)s The plants
were irradiated for several minutes with red light and then were put
in darkness for several hours, after which a study was made of the
synthesis of chlorophyll in white lizit. In such an arrangement of
the red light reduces the lag period of the appearance of chlorophyll
a and protochlorophyll a upon the use of iight (Virein, 1958). The
synthesis of chlorophyll is also intensified as a result of the prolonged
(22 hours) preliminary irradiation of bean seedlings with far-red light
(Margulies, 1965).

S

R R

Recently lebedev and Litvinenko (1965) published the results of a
study of the synthesis of chlorophyll by etiolated corn seedlinzs
directly in the case of the use of brief (up to 60 minutes) i1llumination
of them with red light (660 milliricrons) and far-red light (770
millimicrons) of low intensity, Under red light chlorophyll is formed,
whereas under far-red light only protochlorophyllide is formed. The
authors consider that red light is necessary for the conversion of ~
protochlorophyllide into chlorophyllide a, which is the immediate }
predecessor of chlorophyll a. Apparently this occurs as a result of
the absence of the appropriate enzyme,
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Proteins end Enzymes

The s{udy of the effect of light which has been absorbed by phyto= -
chrome on the synthesis of proteins and enzymes in plants is only
beginning, At the samez time the determination of this aspect of the action

“"of light is particularly important, inasnuch as the induced synthesis

of protein and the synthesis of protein "de novo" represent one of the
weizhtiest proofs of the participation of the system of regulation in the
mechanism of photomorphosenesis,

Marcus (1960) discovered that red light of weak intensity which has
been absorbed by phytochromg causes synthesis in etiolated bean seedlings
of the enzyme which Is connected with NADP and which cetalyzes the
oxidation of glyceraldehyde-3=phosphate to 1,3-diphosphoglyceric acid,
Like other reactions vhich are regulated by phytochrome, brief irradiation
with red light and prolonged irradiation with far-red light had the same
effect (largulies, 1965).

"The synthesis of the enzyme is not suppressed by chloremphenicol
which, accordin; to the data of Margulies (1964), is a selectlve
inhibitor of the synthesis of specific proteins. Apparently it is
these very properties of chloramphenicol which also explain the insensiti-
vity to it of another reaction which is regulated by phytochrome =
straightening the bend of isolated hypocotyl of bean seedlings
(Margulies, 1962),

In studying the biochemical changes which are connected with the
activity of phytochrome Price, Mitrakos, and Klein (1964) discovered that
in etiolated leaf segrents of corn brief irradiation with red light
causes intensification of the breakdown of starch and sugar. Farered
lizght acts antagonistically, These changes occur parallel to the
photomorphogenetic reaction «= the intensification of the growth of
leaf segments. Unfortunately, the activity of the corresponding enzymes
was not determined,

Interesting data were obtained upon studying the action of light
in connection with the sermination of seeds. According to the obe
servat lons of Ikuma and Thimann (1963c), brief irradiation of lettuce
seeds’ causes breakdown of the endosperm, which fs a necessary condition
for the root to emerge beyond the limits of the seed-coats, Disturbance
of the integrity of the endosperm makes it insensitive to red light.
The injection into the seed of enzymes which can facilitate the breakdown
of the endosperm =~ cellulases, pectinases, and pentosanases = causges
almost 1007 germination of the secds in the dark. The absence of change
of the activity of these enzymes in the seed under the influence of
phytochrome is explained by the authors as & lack of refinement of the
method which does not catch quantitativeiy slight shifts in the activity
of the enzymes which, however, ere important in their nature, Ikuma
and Thimann suggest that the action of the light throush the phytochrome
is directed at the hydrolytic enzymes of the endosperm. Up to the present
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time there is no otlter information with respect to the effect of lisht
on these enzyres,

At later stages of germination In one and twoeday seedlings it has
been possible to detect the stimulating effect of the light vhich was
absorbed by the phytochrome on the synthesis of protein., In tests which
were conducted by Lesndgraf (1961) red light caused en increase in the 1
content of protein in white mustard seedlings. Far-red light removed :
the effect of red light in the case of brief irradiation; in the case of
continuous irradistion it also caused stimulation of the synthesis of i
protein (in the same way as this is observed with the reactions of
morphozenesis). The increase in the content of protein occurred not
only in the cotyledons but also in the roots and the hypocotyls,
l.,es, In organs not having reserve nutrient:, Landzraf considers that
the stimulation of the synthesis of protein which is caused by red light
1s not a side reaction but rather the cause of morphogenetic changzes.

In his last survey article devoted to the effect of light on morphozenesis
Motr (1965) mentions that he detected intensification of the synthesis

of protein and RMA in mustard seedlings in response to the use of red
light, However, he does not furnish any numerical data.
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In plants, just es in other orgzanisms, the first stage of the
biosynthesis of protein is the activation of aminoacids by means of
joining them to the carrier form of RNA ro en RNA carrier (Webster, 1961).
Henshall and Goodwin (1964) shoted thet during the zermination of pea
seeds the activity of the enzyme which activates amino acids increases
primarily due to the synthesis of this enzyme, Brief irradiation of
foure-day etiolated seedlings with red light caused tow reactions which
proceeded in parallel with each other == an increase of the activity
of this enzyme in the leaves (also, apparently, due to synthesls
"de novo") and a build-up of the dry weight by the leaves (the first
sample was taken 24 hours after irradiation)., Far.red light removed :
the effect of red lisht. i

The small number (and in some cases contradictory) results of the
study of changes of metebolism under the influence of light vhich has
been abscrbed by phytochrome make it possible to draw only preliminary
conclusions, Aprarently respiration is not the common element at which
the action of light is directed, Inasruch as the sign of the chanze :
of respiration coincides with the sign of the change of the intensity
of the srowth processes, it i{s possible to think that both chanzes occur
only afrer ''radical switching of the metabolism" (according to the
terminolozy of !bhr). The contradictory data on the effect of light
on oxidetive phosphorylation require additional checking.

In the study of the effect of light on the blosynthesis of anthocyanins
there unfortunstely were no investigatlions of enzymes which could play
the role of a linking element between the different vays of exchmge
(in the same way that this is sugnested by the Beltsville researchers
with respect to the acet:lcoenzyme A)., However, the close connection of




o e n ey e e e E e e

/

the biosynthesis of anthocyanins with the reactions of morphogenesis

and its dirpct relation, like these reactions, to the system of regulation
make the biosynthesis of anthocyenins a suitable object for the '
investization of tie rechanism of the action of lizht on plants.

The effect of red light on the synthesis of chlorophyll and on the
breakdotm of carbohydrates is probably based on its action on the
corresponding enzyres, although up to the present time the action has
remained unexplained.

The synthesis, under the Iinfluence of red licht, of the enzyme
which activates amino acids during the germination of seeds and the
synthesis of protein in seedlings vhich are being subjected to rad light
correspond fully with the hypothesis on the action of the light which has
been ebsorted by phytochrome on morphozenesis throuzh a system of
regulation,

Conclusion

In surmarizing that which has been sald, it should be erphasized
first of 21l that the experimental material which is at our disposal
is clearly inadequete for a more or ledg ,precise understanding of che
mechanism of the action of phytochrome. *0f the three hypotheses on the
mechenlisn of the action of phytochrome (by means of growth stimulants,
by means of a cowron link in the metabolism, end by a system of rejulation)
the one which is apparently closest to the truth is the third one which
speaks of the action of lisht which has been ebsorbed by phytochrome
through e system of regulation which includes sctive, specific DNA and
RNA, 1In support of this concept it is now possible to cite not only
information on the diversity, smecificity, and genotypic dependence
of the reactions of the plants and their individual organs on light znd
information concerning change of sensitivity to the action of lisht
during the course of ontozenesis, but also the first data on the
"de novo™ synthesis of proteins and enzymes under the action of red lisht,

1€ one returns to the scheme of Bopp, then it is evidently
necessary to admit that the entire course from phytochrome to the system
of regulation remains a puzzle, Growth stimulants of the type of
indoleacetic acid, sibberellin, and kinetin act on this system and
through it act on rorphogenesis, perhaps in ways which are also close,
but still in different ways.

In studying the possibilitics for the transnmission of external
influences on sove alements of the system of regulation end in secking out
these sensitive clements the usc of phytochrome es the acceptor of light
stirulation should, as—%t—seems to us, play a significant role,
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